To understand better the role of subsites E and F in lysozyme-catalyzed reactions, mutant enzymes, in which Arg114, located on the right side of subsites E and F in hen egg-white lysozyme (HEL), was replaced with Lys, His, or Ala, were prepared. Replacement of Arg114 with His or Ala decreased hydrolytic activity toward an artificial substrate, glycol chitin, while replacement with Lys had little effect. Kinetic analysis with the substrate N-acetylglucosamine pentamer, (GlcNAc) 5 , revealed that the replacement for the Arg residue reduced the binding free energies of E-F sites and the rate constant of transglycosylation. The rate constant of transglycosylation for R114A was about half of that for the wildtype enzyme.
Hen egg-white lysozyme (HEL; EC 3.2.1.17), one of the best characterized carbohydrolases, catalyzes the hydrolysis of the -1,4-glycosidic bonds of alternating copolymers of N-acetylglucosamine (GlcNAc) and Nacetylmuramic acid in bacterial cell walls, and of the homopolymer of GlcNAc, chitin. 1) Crystallographic studies have shown that the substrate binding site of HEL contains six subsites (A-F), which can accommodate six saccharide residues. 2, 3) A substrate bound to the subsites is cleaved at subsites D and E through cooperative reaction of Glu35 and Asp52. [4] [5] [6] [7] It is well known that lysozyme exhibits high capability for catalyzing transglycosylation, [8] [9] [10] but the molecular mechanism by which the high efficiency of transglycosylation is induced remains unknown. The origin of this high efficiency is at present one of the most fundamental questions of lysozyme catalysis. In transglycosylation, after the formation of a reaction intermediate, the substrate fragment occupying subsites E and F must be released into the medium and an acceptor molecule must be accommodated on these sites. Hence, it is important to investigate the role of subsites E and F in lysozyme-catalyzed reactions. The characteristics of substrate binding of lysozyme have been extensively investigated for subsites A to D. 1, 11) As for subsites E and F, direct observation of polysaccharide binding to the E and F sites has not yet been done due to cleavage of the hexasaccharide during the crystal growth time. 12, 13) Interactions at these sites have been inferred by model building.
3) Hence, more information on subsites E and F is required to elucidate the reaction mechanism of transglycosylation in lysozyme catalysis.
Intensive studies of subsites of lysozyme have suggested two distinct binding modes at subsites E and F, [14] [15] [16] ''right-sided'' and ''left-sided'' binding modes, and have suggested that the interactions between substrate and the left-sided subsites E and F stabilize a nonproductive (catalytically inactive) enzyme-substrate y To whom correspondence should be addressed. Tel: +81-967-67-3918; Fax: +81-967-67-3960; E-mail: kawamura@agri.u-tokai.ac.jp Abbreviations: HEL, hen egg-white lysozyme; GHL, guinea hen egg-white lysozyme; GlcNAc, 2-acetamido-2-deoxy-D-glucopyranose; (GlcNAc) n , -1,4-linked oligosaccharide of GlcNAc with a polymerization degree of n; GlcN, 2-amino-2-deoxy-D-glucopyranose; DQF-COSY, two-dimensional double-quantum-filtered correlated NMR spectroscopy; NOE, nuclear Overhauser effect; NOESY, two-dimensional NOE spectroscopy; GdnHCl, guanidine hydrochloride complex, while the interactions between substrate and the right-sided subsites E and F stabilize a productive (catalytically active) complex. 14) This was experimentally confirmed by a site-directed mutagenesis study of HEL by Inoue et al. 17) In HEL, Arg45, Asn46, and Thr47 are responsible for left-sided binding, while Phe34, Asn37, and Arg114 are for right-sided binding. Based on model building studies of the interaction of sugar residues with subsites E and F, the guanidyl side chain of Arg114 in HEL has been proposed to form two hydrogen bonds with the substrate: the O-1 and O-5 atoms of a sugar ring in subsite F, 3) but, there have been few reports on the involvement of the individual amino acid residues comprising subsites E and F in transglycosylation catalyzed by lysozyme.
Previous investigations of Arg115 in human lysozyme (corresponding Arg114 in HEL) by site-directed mutagenesis and X-ray structural analysis have suggested the importance of the positively charged character of the 115th residue in the construction of subsite F and the participation of the right side of subsite F in the formation of a productive enzyme-substrate complex. 18, 19) These studies, however, were not extended to examine the effects of Arg115 mutations on the transglycosylation reaction, one of the important features of lysozyme-catalyzed reactions. Recently, using an oligomer substrate, (GlcNAc) 5 , we reported the enzymatic reaction of guinea hen egg-white lysozyme (GHL), which differs from that of HEL, and found that replacement of Arg114 in HEL with His brings about the characteristic enzymatic activity of GHL. 20) Additionally, analysis of the reaction time courses of the R114H mutant by computer simulation analysis revealed that this mutation affects the binding free energies of the E-F sites and the rate constant of transglycosylation. It was hence expected that detailed analyses of Arg114 in HEL might produce useful information on the role of the E and F sites and on the transglycosylation reaction in lysozyme catalysis.
Our major interest is to elucidate the origin of the high efficiency of transglycosylation in connection with the molecular mechanism of lysozyme catalysis. In this study, to determine the functional and structural role of subsites E and F in lysozyme-catalyzed reactions, we characterized the enzymatic properties of Arg114 mutant enzymes including newly synthesized mutants, in which Arg114 was replaced by Lys or Ala, in terms of their hydrolysis and transglycosylation activities toward glycol chitin and (GlcNAc) 5 , respectively. Furtheremore, 1 H-NMR analysis of the mutant enzymes was done to understand the relation between the altered properties and structural changes around the E and F sites of the mutant enzymes.
Materials and Methods
Materials. Restriction enzymes and DNA modifying enzymes were purchased from Takara (Kyoto, Japan) and Toyobo (Tokyo, Japan). Oligonucleotide DNA primers were synthesized by Hokkaido System Science (Sapporo, Japan). HA94-1, which contains the wild-type HEL gene in a cloning vector M13 mp18 derivative, was used for mutagenesis. E. coli strain JM109 was used in routine transformations and plasmid preparation. MultiCopy Pichia Expression kits, including expression plasmid pPIC9K and host strain GS115, were obtained from Invitrogen (La Jolla, CA). Glycol chitin was prepared by the method of Yamada and Imoto. 21) NAcetylglucosamine oligosaccharides [(GlcNAc) n ] were prepared according to the method of Rupley.
22) The purity of each oligosaccharide was confirmed by HPLC. A monoacetylated chitosan (degree of acetylation, 0.06; number-average degree of polymerization, 20), which contained on average less than one acetyl group per chitosan molecule, was prepared by a reported method. 23) In this chitosan, the GlcNAc residues are almost exclusively surrounded by GlcN residues. Other reagents were of analytical or biochemical grade.
Mutagenesis, expression, and purification of mutant enzymes. Site-directed mutagenesis was done by the PCR-based megaprimer method using HA94-1 as a template.
24) The R114H mutant enzyme was prepared as reported previously. 20) The primers used for mutagenesis were 5 0 -TGGCGCAACAAGTGCAAGGGT-3 0 (R114K) and 5 0 -TGGCGCAACGCCTGCAAGGGT-3 0 (R114A). The mutations in the lysozyme genes were confirmed by DNA sequencing. The wild-type and mutant enzymes were produced and purified as described previously. 25) Protein concentrations were measured using a BCA protein assay reagent (Pierce, Rockford, IL) and an authentic HEL as a standard protein.
CD spectra. CD spectra in the far-ultraviolet range, 200-250 nm, were recorded at 25 C on a Jasco J-720 spectropolarimeter (Tokyo). Proteins were dissolved to a final concentration of 0.15 mg/ml in 10 mM sodium acetate buffer (pH 5.0). The data were expressed in terms of mean residue ellipticity. C for 1 h before measurements to equilibrate the proteins with the denaturant. The fluorescence data were analyzed based on a two-state model. From GdnHCl denaturation profiles, the difference in free energy change between the folded and unfolded states (ÁG) was calculated according to Pace. 26) The free energy change in water (ÁG H2O ) and the dependence of ÁG on the GdnHCl concentration (m) were determined by leastsquares fitting of the data for the transition region using the equation
The GdnHCl concentration at the mid-point of the transition (ÁG ¼ 0) was defined as C m . The differences in C m (ÁC m ) between the wild-type and variants were calculated by subtracting the value of the wild-type from those of the variants. Reversibility was established by recovery of both enzyme activity and fluorescence intensity.
Enzymatic activities of lysozyme. Activity against glycol chitin was measured basically according to the method of Yamada and Imoto 21) by measuring the amount of released reducing groups and expressing them as activity relative to wild-type enzyme. Glycol chitin (0.05% w/v) was incubated with or without lysozyme (1 mM) at 50 C for 30 min in 50 mM sodium acetate buffer (pH 5.0).
The enzymatic activity toward (GlcNAc) 5 was measured by the method of Masaki et al., 27) with slight modifications. The reaction mixture, containing 0.1 mM lysozyme and 1 mM (GlcNAc) 5 , was incubated in 10 mM sodium acetate buffer (pH 5.0) at 50 C. After a given reaction time, 200 ml of the reaction mixture was withdrawn and rapidly chilled in a KOOL KUP (Towa Co., Japan). The reaction mixture was centrifuged with Ultrafree C3LCC (Millipore Co., USA), and the filtrate was lyophilized. The dried sample was dissolved in 50 ml of ice-cold water, and then 10 ml of the solution was applied on a TSKgel G-Oligo-PW column (7:8 Â 600 mm; Tosoh Co., Japan) in a JASCO 800 series HPLC (Jasco, Japan). Elution was done with distilled water at room temperature at a flow rate of 0.3 ml/min. Each chitooligosaccharide concentration was calculated from the peak area monitored as to ultraviolet absorption at 220 nm, using the standard curve obtained for authentic saccharide solutions. The relative error was defined as ðy À xÞ=x Â 100, where x is the concentration of the initial substrate and y is the recovered concentration of all chitooligosaccharides in (GlcNAc) 1 units.
The rate equation for the lysozyme-catalyzed reaction on initial substrate (GlcNAc) 5 was numerically solved to obtain the calculated time courses. A kinetic model of the lysozyme-catalyzed reaction of chitooligosaccharides has been reported, [28] [29] [30] and it was represented in simplified form by omitting some details of the reaction (Fig. 1 ). In the calculation, the rate equations were solved repeatedly while changing the values of the binding free energies or the rate constants, k þ1 (cleavage of -1,4 glycosidic linkage), k À1 (regeneration of glycosidic linkage), and k þ2 (hydration), so that the calculated time courses fitted those experimentally obtained. The details of the method of calculation have been described previously. [28] [29] [30] For data fitting, the time courses were calculated repeatedly by varying the value of the binding free energy change for each of the subsites to obtain a minimum cost function:
Here, e and c are the experimental and calculated values, n is the size of the chitooligosaccharide, and i is the reaction time. A set of values for the reaction parameters giving the minimum value of F in the equation was
Simplified Model Scheme for the Lysozyme-Catalyzed Reaction of (GlcNAc) 5 . In this scheme, k þ1 , k À1 , and k þ2 are rate constants for the cleavage of the glycosidic linkage, transglycosylation, and hydration, respectively. The details of the method of calculation have been described previously. [28] [29] [30] regarded as the most reliable set of values for the reaction parameters. For the definition of cost function, the data for (GlcNAc) 5 in the early stage of the reaction were not used, because the chromatographic separation of (GlcNAc) 4 and (GlcNAc) 5 was not satisfactory in the early stage of the reaction and error of some extent could not be avoided.
NMR measurements. Ten mg of the lysozyme was dissolved in 1 ml of D 2 O, and the solution was incubated at 80 C for several min to replace the exchangeable hydrogens with deuterium. After it was lyophilized three times from D 2 O, the lysozyme was dissolved in 0.6 ml of D 2 O. The pH was adjusted to an appropriate value by the addition of diluted DCl or NaOD. The pH was measured at room temperature by direct meter reading without correction for isotope effect. To examine the amide resonances of the main chain, the lysozyme was directly dissolved with 90% H 2 O/10% D 2 O.
1 H-NMR spectra were recorded at 500 MHz with a spectral width of 6,250 Hz using a JEOL ECA-500 spectrometer. The HDO resonance was saturated by selective gated irradiation. Two-dimensional double-quantum-filtered correlated NMR spectroscopy (DQF-COSY) spectra of the lysozymes were taken in the phase-sensitive mode, with a spectral width of 6,250 Hz in each dimension. Forty-eight scans were used for each of 256 t 1 values with 2,048 complex points in the w 2 dimension. Similar experimental conditions were used to obtain two-dimensional NOE spectroscopy (NOESY) spectra, except that the mixing time was set at 200 ms. All measurements were done at 35 C.
Chitosan binding experiments. After replacement of exchangeable hydrogens with deuterium, lysozyme and monoacetylated chitosan were separately dissolved in 0.15 M NaCl at pH 4.3. A portion of the chitosan solution was added stepwise to the lysozyme solution, and the one-dimensional 1 H-spectrum was obtained under the conditions described above.
Results

Expression and characterization of mutant enzymes
Three mutant enzymes (R114K, R114H, and R114A) were expressed in the methylotropic yeast P. pastoris expression system and produced in amounts similar to that of wild-type HEL. The yields of the enzymes from 1 liter of culture broth were about 20 mg. The purity of each mutant protein was confirmed by SDS-PAGE (data not shown). The N-terminal amino acid sequences of the purified mutants were identical to that of the wild-type. Far-UV CD spectra of the mutant enzymes were indistinguishable from that of the wild-type (data not shown), indicating that the global fold was not affected by the mutation.
We analyzed the dissociation constants (K d ) of the wild-type and mutant enzymes for binding to (GlcNAc) 3 . The K d values for (GlcNAc) 3 to the wild-type and its mutants were essentially unchanged ( Table 1 ). Since the substrate analog, (GlcNAc) 3 , binds predominantly to subsites A-C in a ratio of 99% without hydrolysis, 31) the results indicate that the structure around subsites A-C of the enzymes was not altered by the present mutations.
To determine thermodynamic stability, GdnHCl-induced titration curves of the wild-type and mutant enzymes were obtained as described in ''Materials and Methods.'' Under the assumption that the wild-type and mutant enzymes are denatured according to a two-state transition model, the thermodynamic parameters for denaturation were calculated. The C m and ÁC m values of the respective enzymes are summarized in Table 1 . R114A (C m ¼ 3:75 M) was slightly less stable than the wild-type (C m ¼ 3:99 M), whereas R114H (C m ¼ 4:29 M) was slightly more stable. The C m value of R114K (C m ¼ 4:00 M) was virtually identical to that of the wild-type. These results indicate that the mutations introduced did not alter the overall structure of the lysozyme, and this consistent with the identical CD spectra and the same binding strength to (GlcNAc) 3 of the enzymes.
Effects of mutations on enzymatic activities toward glycol chitin
The enzymatic activities of the Arg114 mutants for the hydrolysis of glycol chitin, a solubilized high polymer of GlcNAc, were initially measured and expressed as relative values to the wild-type (Table 1) . R114K had hydrolytic activity to the same extent as the wild-type, exhibiting 96.4% activity. On the other hand, the hydrolytic activities of R114H and R114A were 79.0 and 80.5% of the wild-type, respectively. Since the structure around subsites A-C is not perturbed by the Arg114 mutation, the reduced hydrolytic activity of these two mutants toward the polymeric substrate was thought to arise from the decreased substrate binding ability of subsites E and F.
Experimental time courses of the reaction catalyzed by mutant enzymes
When investigating the lysozyme-catalyzed reactions in detail, it is important to examine the experimental time courses of oligomeric substrate degradation and product formation, because much information on lysozyme catalysis, such as substrate binding and transglycosylation, can be obtained. [28] [29] [30] Time course analysis with substrate (GlcNAc) 5 reflects not only hydrolysis of the initial substrate but also the transglycosylation produced by the cleavage of the substrate and the product. Hence, we analyzed reaction time courses catalyzed by the mutant enzymes, using (GlcNAc) 5 as a substrate.
The experimental time courses of the wild-type and mutant enzymes on the initial substrate (GlcNAc) 5 are shown in Fig. 2A . In the wild-type-catalyzed reaction, the order of the amounts of the products was
If HEL catalyzes only the hydrolysis of the substrate, the initial substrate (GlcNAc) 5 is predominantly split into either (GlcNAc) 4 + (GlcNAc) 1 or (GlcNAc) 3 + (GlcNAc) 2 , and thus (GlcNAc) 4 and (GlcNAc) 1 or (GlcNAc) 3 and (GlcNAc) 2 are produced at the same rate, especially at an early reaction stage. In fact, we have found that goose type lysozyme, which does not catalyze transglycosylation, hydrolyzed (GlcNAc) 5 to (GlcNAc) 3 + (GlcNAc) 2 or (GlcNAc) 4 + (GlcNAc) 1 in nearly equimolar amounts. 32, 33) But the experimentally observed amounts of (GlcNAc) 4 and (GlcNAc) 1 as well as (GlcNAc) 3 and (GlcNAc) 2 in the wild-type HEL were greatly different from each other. This fact can be explained only by the occurrence of transglycosylation. Thus each product generated from the lysozymecatalyzed reaction of (GlcNAc) 5 is characterized by both hydrolysis and transglycosylation reactions. It should be noted that during the lysozyme-catalyzed reaction, oligosaccharides larger than the initial substrate are formed as transient products by transglycosylation and are cleaved preferentially at the early stage of the reaction. Hence it is difficult to analyze precisely the transient products generated by transglycosylation. The time courses of R114K exhibited profiles similar to those of the wild-type, except that the amounts of (GlcNAc) 2 and (GlcNAc) 4 were slightly different. This is in agreement with the finding that the R114K mutant exhibited behavior similar to the wild-type in all aspects of enzymatic characterization. These observations suggest that the replaced Lys residue substitutes effectively for Arg114 in lysozyme catalysis. On the other hand, the profiles of the time courses of R114H were different from those of the wild-type and similar to those of R114A. The characteristic features of the time courses were increased production of (GlcNAc) 1 and (GlcNAc) 4 and reduced production of (GlcNAc) 2 and (GlcNAc) 3 . The order of the amounts of (GlcNAc) 2 and (GlcNAc) 4 for R114A was reversed as compared with that of the wild-type. This suggests that the Arg-to-His mutation causes a partial loss of the hydrogen bonding interaction involving the guanidyl side chain of Arg114. It appears that the substituted His114 in the R114H mutant do not form hydrogen bonds with the substrate in the same manner as those proposed for HEL. The product distribution of R114A, in which the hydrogen bonding interaction between the side chain of Arg114 and the substrate is absent, differed greatly from those of the wild-type, suggesting the importance of Arg114 in substrate binding at subsites E and F.
Estimation of the reaction parameters of mutant enzymes
The experimental time courses of the mutant enzymes were analyzed by computer simulation in order to obtain rate constants and binding free energy values for individual subsites. The calculated time courses are shown in Fig. 2B , and the reaction parameters obtained are summarized in Table 2 . The binding free energy values for subsites A-D were identical as between the wild-type and mutant enzymes, and this is consistent with the fact that the affinities to (GlcNAc) 3 were unaffected by the Arg114 mutation. On the other hand, this mutation decreased the binding free energy values for subsites E and F; the binding free energies for subsite E of R114K, R114H, and R114A were decreased to À2:4, À2:4, and À2:35 kcal/mol, while those for subsite F were decreased to À1:45, À1:4, and À1:3 kcal/mol, respectively, as compared with the wild-type. The moderate decrease in hydrolytic activity against glycol chitin observed for R114H and R114A must result from the lower affinities at subsites E and F in these mutant enzymes. Furthermore, the rate constants of transglycosylation, k À1 , were decreased to 39.0, 30.0, and 22.0 s À1 for R114K, R114H, and R114A, respectively ( Table 2) . The k À1 value of R114A was about half of that of the wild-type. These results suggest that Arg114 plays an important role in lysozyme catalysis, contributing to both substrate binding at the E and F sites and to transglycosylation activity. The substitution of the Arg residue probably gives rise to certain structural changes that contribute to reduce the rate constant of transglycosylation as well as the binding free energies for subsites E and F.
1 H-NMR spectra of mutant enzymes First we compared the one-dimensional NMR spectra of the wild-type and two Arg114 mutant enzymes (R114A and R114H). The resonances for the wild-type enzyme were assigned according to a report by Redfield and Dobson. 34) Most of the resonances in these mutant enzymes showed chemical shift values identical to those of the wild-type (data not shown). In particular, the Ile98 CH, Met105 CH, and Leu17 CH 3 signals of both mutant enzymes, which exhibit strong upfield shifts due to the ring current effect, were identical in their chemical shift values to signals of the wild-type. Thus the global conformation of lysozyme appears to be little affected by the Arg114 mutation.
To obtain more detailed structural information, Arg114 mutant enzymes were subjected to two-dimensional NMR analysis. The amide NH-CH correlations in the DQF-COSY spectra of the wild-type, R114H, and R114A are shown in Fig. 3 . In both mutants, a large effect was observed in the correlation cross peak derived from Phe34 as well as in that from Arg114. In the crystal structure of HEL, the aromatic side chain of Phe34 is close to the guanidyl side chain of Arg114, probably forming a CH-interaction (Fig. 4) . The Arg114 mutation disrupts the Arg114-Phe34 interaction, shifting the local conformation surrounding these residues. Smaller effects were also observed in the correlation signals of Trp111 and Cys115, located in the -helix unit including Arg114 (from Ala110 to Cys115). In NOESY spectra, significant differences between the wild-type and mutant enzymes were observed in the aromatic region (Fig. 5) . The NOE connectivities within the aromatic side chain of Phe34 were clearly affected in the spectrum of R114H, and this must also be due to disruption of the Arg114-Phe34 interaction. For R114A, the NOE connectivities within the Phe34 side chain were not very much affected as compared with those of R114H. We found, however, that the NOE connectivities observed between Trp123 C7H and the Phe34 aromatic resonances in the wild-type were hardly observed in R114A, which suggests that the mutation of Arg114 to Ala might also disrupt the interaction with Phe34, rearranging the location of the Phe34 side chain with respect to that of the Trp123 indole ring (Fig. 4) . The correlation signal of NH-CH of Trp123 was found to be affected in the DQF-COSY spectrum of R114A (Fig. 3) .
Chitosan binding experiments
As reported by Kristiansen et al., 23) binding of the monoacetylated chitosan to lysozyme, which forms a stable and inactive lysozyme-chitosan complex, affects the 1 H-resonances of amino acid residues forming a hydrophobic core, such as Trp28 C5H and Ile98 CH. When monoacetylated chitosan was added to R114H, the resonance of Trp28 C5H of this mutant was similarly affected, being split into free and bound states (data not shown). This indicates that monoacetylated chitosan binds to the R114H mutant in a manner similar to that in case of the wild-type. The signal intensity of His114 
Wild C2H, however, was not affected by the addition of monoacetylated chitosan, and this is consistent with data reported for Japanese pheasant egg-white lysozyme, in which Arg114 was replaced with His114. 35 ) Since Arg114 appears to participate in the ''right-sided'' binding mode, the chitosan binding to the substrate binding cleft appears to bind to the ''left-sided'' binding site of subsites E and F.
Discussion
For most carbohydrolases, there are some problems in evaluating enzyme activity. When a polymeric substrate is used, a precise explanation of the results is impossible because of the heterogeneity of the degree of polymerization of the substrate. In addition, when an enzyme catalyzes transglycosylation, enzyme activity cannot simply be evaluated from the rate of substrate degradation and product formation. Lysozyme catalyzes a series of reactions: cleavage of glycosidic linkage, hydration of a reaction intermediate, and transglycosylation of the intermediate to acceptor. [8] [9] [10] Since all of the reactants, viz., initial substrate, substrate fragments, hydrolysis products, and transglycosylation products, can bind to the binding site of the enzyme in various modes to give either productive or nonproductive complexes, and since these reaction products can serve repeatedly as substrates, inhibitors, and acceptors in the enzymatic reaction, the reaction is in fact very difficult to analyze. Due to the complexity of the lysozyme-catalyzed reactions, the analysis requires intensive use of computational techniques. [28] [29] [30] The time course analysis of the lysozyme-catalyzed reactions with substrate (GlcNAc) 5 enabled us to evaluate the effects of different amino acids at subsites on substrate binding and enzymatic reactions by a combination of HPLC analysis of reaction products and theoretical calculations, and it is available for investigations of the participation of amino acids in transglycosylation activity. 20, 25, [28] [29] [30] 32, [36] [37] [38] [39] [40] [41] [42] [43] [44] The three mutant enzymes investigated in this study showed almost the same characteristics as to far-UV CD spectra, dissociation constants for (GlcNAc) 3 , and thermodynamic stability, indicating that substitution of Arg114 does not affect the overall folding of lysozyme. However, detailed analysis of lysozyme-catalyzed reactions toward (GlcNAc) 5 revealed that substitution of the Arg residue, especially His or Ala substitution, decreased the binding free energies for the E and F sites and the rate constant of transglycosylation. Hence the substrate and acceptor binding for Arg114 mutant enzymes is expected to be different from that for the wild-type at or near subsites E and F.
To obtain structural information on the Arg114 mutant enzymes, the R114H and R114A mutants were analyzed by NMR spectroscopy. Two-dimensional NMR analyses of the two mutant enzymes showed that the mutational effects are not restricted to the Arg114 side chain, but rather are extended to the aromatic side chains of Phe34 and Trp123 (Fig. 5) , the signals of which are connected through NOE in the wild-type. The three-dimensional structure of HEL revealed that these three residues belong to three different -helices, and that the guanidyl side chain of Arg114 has parallel faceto-face contact with the phenyl ring of Phe34, probably forming a CH-interaction on the molecular surface (Fig. 4) . As a result of this interaction, the Arg114 side chain might be stabilized and fixed to accept the substrate molecule via the right-sided mode. In other words, the Arg114-Phe34 interaction might be an important structural factor in maintaining the proper conformation of the ''right-sided'' subsites E and F. Consistently with this notion, the hydrolytic activity toward glycol chitin of the F34A mutant, in which the aromatic ring of Phe34 was truncated, was about 60% of the wild-type (S. Kawamura et al., unpublished result). In this context, it is of interest to note that the 34th residue is Phe, Tyr, or Trp, with an aromatic side chain group in many lysozymes. The slight decrease in stability observed for R114A might be due to elimination of the Arg114-Phe34 interaction.
The DQF-COSY spectra of the mutant enzymes also revealed that the Arg114 mutation affects the signals of Phe34, Trp111, Cys115, and Trp123 (Fig. 3) . In particular, the main chain structure of Phe34 appeared to be significantly affected by the Arg114 mutation. Based on the results of model building studies based on X-ray structure, it has been proposed that the main chain carbonyl oxygen of Phe34 forms a hydrogen bond with the hydroxyl group at position 6 of a sugar ring in subsite F and participates in substrate binding at this site. 3) We propose that the mutations at position 114 and the resulting structural changes in Phe34 probably affect the enzymatic activities of the mutant enzymes. Such a conformational change in the extended region including Phe34, Trp111, Cys115, and Trp123 would bring about reductions in specific interactions between the E and F sites and the substrate, resulting in reduced binding free energies of subsites E and F. To further evaluate the involvement of the 34th and 114th residues in substrate binding, we investigated the binding of monoacetylated chitosan to the R114H mutant by 1 H-NMR spectroscopy, because the His114 signal in the spectrum of this mutant is thought to be an appropriate reporter group for detecting the right-sided binding mode. The results indicated that the His114 signal is not affected by the chitosan added (not shown), suggesting that the bound chitosan interacts with the left side of subsites E and F. However, since the binding free energies obtained by data-fitting to the experimental time courses of the lysozyme-catalyzed reactions toward chitooligosaccha- ride reflect the productive binding of the chitooligosaccharide substrate, we propose that Arg114 and Phe34 are responsible for the productive binding at the right-sided binding site.
It was also found that the Arg114 mutation reduces the rate constant of transglycosylation. Since the affinity of the acceptor molecule to subsites E and F is considered to be a factor controlling the efficiency of transglycosylation, the decreased binding free energies for subsites E and F observed for the mutant enzymes must affect acceptor binding ability. In the Arg114 mutant enzymes, the transglycosylation acceptor might sub-optimally bind to subsites E and F, thereby suppressing the formation of a new glycosidic linkage to an incoming acceptor molecule.
Based on the results obtained, Arg114 in HEL is thought to play an important role in lysozyme catalysis, especially in transglycosylation. Based on the DQF-COSY and NOESY spectra, the structural effects of the Arg114 mutation appear to be extended to a wide region of the right-sided binding site. Although direct structural information on the binding of the acceptor molecule in subsites E and F has not yet been obtained, we speculate that such a conformational change in the right-sided binding site affects the substrate and acceptor binding ability at subsites E and F, leading to a lowering of the efficiency of the glycosyl transfer reaction of lysozyme.
